Plants possess a variety of extracellular leucine-rich repeats receptor-like kinases (LRR-RLKs) to coordinate developmental programs with responses to environmental changes. Out of sixteen families of LRR-RLKs in Arabidopsis, the LRR-RLKII family consists of fourteen individual members, including five Arabidopsis thaliana somatic embryogenesis receptor kinases (AtSERKs). BAK1/AtSERK3 was first identified as a dual co-receptor of BRI1 and FLS2, mediating BR signaling and pathogen-associated molecular pattern (PAMP) triggered immunity (PTI), respectively. Since its identification, many researchers have attempted to elucidate the phosphorylation mechanisms between receptor complexes and identify additional components that interact with receptor complexes to transduce the signaling downstream. Relatively detailed early events in complex formation, phosphorylation sites on the BRI1/BAK1 complex and BAK1-interacting proteins, such as BIK1 and PUB13, have been identified. Small receptor complexes consisting of BAK1 and BIR1 or BAK1 and AtSERK4 regulate cell death during steady state conditions. Moreover, the redundant and distinct functions of AtSERK proteins and other members of the LRR-RLKII family have been revealed. This review focuses on the integration of the information from the most recent studies concerning BAK1 and its homologs.
INTRODUCTION
The genes encoding the receptor-like kinases (RLKs) in eukaryotic genomes are greatly expanded in plants. No RLK genes have been found in fungal genomes (Shiu and Bleecker, 2003) . The fruit fly (Drosophila melanogaster) contains only one RLK gene, Pelle kinase, which is involved in dorsal-ventral axis determination (Shelton and Wasserman, 1993) , and the human genome contains four RLK genes encoding interleukin-1 receptor-associated kinase that functions in immune responses to various pathogens (Janssens and Beyaert, 2003) . More than 600 RLK genes encoding receptor-like cytoplasmic kinases without extracellular domains (RLCKs) and receptor-like kinases with extracellular domains (ECD-RLKs) have been identified in the Arabidopsis genome (Shiu and Bleecker, 2001a) . More than two-thirds of the RLKs are ECD-RLKs comprising an extracellular domain, a single pass of transmembrane domain and an intracellular cytoplasmic kinase domain. Time-dependent developmental signals and environmental cues are recognized by the ECD and trigger signal transduction mechanisms within the cellular compartments (Shiu and Bleecker, 2001b) . Being sessile, plants coordinate developmental programs with responses to external environmental changes in the environment. This need has resulted in exquisite expansion of the genes encoding ECD-RLKs in which the ECDs are variable and the other domains are relatively similar with a minimum cost. Extracellular leucine-rich repeats receptor-like kinases (LRR-RLKs) comprise the largest protein family within the ECD-RLKs. Sixteen families of LRR-RLKs have been reported, which have distinctive protein configurations and contain 4 to 28 LRR domains (Lehti-Shiu et al., 2009) .
The functions of several individual LRR-RLKs have been published in the last decade using extensive developmental and biochemical approaches. Twenty-five LRR-containing Brassinosteroid-Insensitive1 (BRI1) protein has been identified, which initiate brassinosteroid (BR) signaling with BRI1-associated kinase1 (BAK1) (Li and Chory, 1997; Li et al., 2002; Nam and Li, 2002) , affecting various developmental processes, such as cell elongation and division, vascular development, pollen tube elongation and skotomorphogenesis (Bishop, 2007; Mandava, 1988) . In the development of meristematic tissues, CLAVATA1 (CLV1) and ERECTA (ER) maintain the balance between the proliferation and differentiation of the cells at the primordial boundary (Clark et al., 1997; Torri et al., 1996) . HAESA is required for the abscission of leaves (Jinn et al., 2000) and EXCESS MICROSPOROCYTES1/EXTRA SPOROGENOUS CELLS (EMS1/ EXS) is responsible for anther development (Canales et al., 2002; Zhao et al., 2002) . ER also regulates the maintenance of the proper number of the guard cells in a unit area on the leaf (Shpak et al., 2005) . Moreover, LRR-RLKs, such as FLAGELLIN SENSITIVE2 (FLS2) and EF-Tu Receptor (EFR), have also been implicated in various responses to biotic stresses for the induction of innate defense programs in Arabidopsis (Gómez-Gómez and Boller, 2000; Zipfel et al., 2006) .
Since its identification as a co-receptor of BRI1 that mediates BR signaling Nam and Li, 2002) , BAK1 has been one of the most extensively studied LRR-RLK proteins in Arabidopsis. In addition, the identification of an FLS2/BAK1 complex (Chinchilla et al., 2007) has presented a new paradigm to explain the mechanisms underlying innate immunity and the associated functions of BAK1 as a versatile co-adaptor. Many research studies and reviews have characterized the functional mechanisms involving BAK1 for responses to different pathogenic strains to regulate various developmental aspects Clouse, 2011; Kim and Wang, 2010; Postel et al., 2010; Ye et al., 2011) . Therefore, this review will focus on the integration of the information from the most recent studies concerning BAK1 and explore various questions for future research studies. Indeed, research focusing on the physiological and developmental functions of each individual LRR-RLK will be accelerated in next decades, resulting in a comprehensive characterization of the interactions and communication between different LRR-RLKs to decipher the regulatory mechanisms that regulate plant life.
Identification of BAK1 in BR signaling
Typical BR biosynthetic mutants, de-etiolated 2 (det2), constitutive photomorphogenesis and dwarfism (cpd), and dwarf4 (dwf4), exhibit dwarfed statures and epinastically curled dark green leaves that are rescued through the exogenous feeding of brassinolide (BL), which is the most bioactive BR (Choe et al., 2000; Li et al., 1996; Szekeres et al., 1996) . In contrast, BR insensitive mutant bri1 did not respond to BL, although this mutant exhibited phenotypic alterations similar to the BR biosynthetic mutants and accumulated more BR in the cells (Noguchi et al., 1999) . These results indicate that adequate BR signaling and the maintenance of appropriate BR levels are critical for normal development in plants. BRI1 was first identified as a plasma membrane-localized LRR-RLK (Li and Chory, 1997) , and thus many studies have attempted to identify novel components that interact with BRI1 directly or are associated with the BR signal initiated through BRI1. BAK1 was identified in two independent studies using different approaches. One study employed the yeast two-hybrid screening of Arabidopsis expression libraries using BRI1 kinase domain as bait to identify direct interacting proteins (Nam and Li, 2002) . The overexpression of BAK1 in bri1 partially rescued bri1 mutant phenotypes. The other study implemented the genetic suppressor screening of bri1-5, one of the weak alleles of bri1 . The expression of BAK1 and BRI1 has been localized to the same region in plant tissues. Mutants lacking BAK1 (bak1-1 and bak1-2) exhibited compact rosette phenotypes and reduced sensitivity to BL. So far, seven different mutant alleles of BAK1 have been identified and used in various research studies (Fig. 1) .
Initiation of BR signaling on the plasma membrane through the BRI1/BAK1 complex The early events in BR signaling on the plasma membrane typically involve phosphorylation-dephosphorylation cascades. LRR-RLKs in plants exhibit serine/threonine kinase activity. However, several reports have clearly demonstrated that BRI1 displays phosphorylation activities on both serine/threonine and tyrosine (Jaillais et al., 2011b; Karlova et al., 2009; Oh et al., 2009 ). In the absence of BL, BRI1 exists as a homodimer on the plasma membrane (Wang et al., 2005a) . BKI1 binds to the C-terminus of BRI1 in the cytoplasm, inhibiting both the activation of BRI1 kinase activity and the association of BAK1 with BRI1 (Wang and Chory, 2006) . Once the BR binds to the extracellular domain of BRI1, subsequent conformational changes in BRI1 activate its kinase activity (Kinoshita et al., 2005) , leading to the phosphorylation of the tyrosine residue (Y211) of BKI1 (Jaillais et al., 2011b) . Phosphorylated BKI1 is released from BRI1 and BRI1 subsequently recruit BAK1 to form a heterotetrameric complex. BL-induced BRI1/BAK1 association requires the functional kinase activity of BRI1, because kinaseinactive BRI1 (K911E) abolished binding with wild type BAK1, while kinase-inactive BAK1 (K317E) could still bind to wild type BRI1 (Wang et al., 2008) . The extracellular domains of BRI1 and BAK1 also affect the stable association of the two proteins. The substitution of glutamic acid for leucine (L32E, L46E) in the leucine zipper domain of BAK1 resulted in the reduced binding of BAK1 to BRI1 (Yun et al., 2009) . In contrast, the substitution of asparagine for aspartic acid (D122N) in the third LRR of elg mutation resulted in a gain-of-function mutation in BAK1 and the mutant BAK1 exhibited higher affinity for BRI1, even in the presence of low concentrations of BR (Jaillais et al., 2011a; Whippo and Hangarter, 2005) . We also observed bri1-113 mutation, in which glycine at position 611 of the 70-amino acid island is changed to glutamic acid (G611E), disrupted the binding of BRI1 with BAK1 (unpublished data). Although BRI1/ BAK1 complex has been demonstrated genetically and biochemically in vivo and in vitro using various methods, the crystal structure of this complex has not been solved. Recently, the crystal structure of the extracellular domain of BRI1 has been reported (Hothorn et al., 2011; She et al., 2011) . Unlike the horseshoe structure of the LRR of Toll-like receptors (TLRs) in humans, the twenty-five LRR repeats in BRI1 form right-handed super helix structure with seven disulfide bonds at hinge regions. As expected, LRR 21 and LRR 22-25 flank the seventy amino acid island providing a binding pocket for ligands, such as BL or castasterone (CS). Once a ligand binds to that pocket, the BRI1 structure becomes stabilized and subsequently serves as a platform for the binding of co-receptors. These analyses have also shown that the extracellular domain of BRI1 does not exist as a dimer. This indicates that ligand-induced homodimerization or the pre-existing homodimer of BRI1 cannot be realized solely through the extracellular domain of BRI1. The cytoplasmic kinase domain of BAK1, which is fully phosphorylated with ATP analog, has been crystallized (Gao et al., 2012) . Although this study additionally confirmed that the threonine residues in the activation loop (T450 and T455) are critical to the functions of BAK1, additional crystal structures of the extracellular domain of BAK1 and/or the extracellular domain complex between BRI1 and BAK1 in the absence or presence of BL will be useful in the future.
BAK1 affects defense resistance through the formation of complexes with various PRRs
In addition to the reduction of BL sensitivity, bak1 mutants (bak1-3 and bak1-4) showed less reduced growth in response to flg22, the critical 22-peptides of flagellin, a PAMP. ROS production in bak1 mutants after flg22 or elf26 treatment was diminished compared with that in the wild type (Chinchilla et al., 2007) . The reduction of ROS production was also observed in BAK1-silenced N. benthamiana treated with the CSP22 peptide derived from the bacterial cold-shock protein or INF1, an oomycete elicitor (Heese et al., 2007) . These results indicated that BAK1 might be involved in the initial events of PTI in response to various PAMPs in plants.
In addition to the interaction with BRI1, BAK1 also interacts with FLS2 and EFR in Arabidopsis (Chinchilla et al., 2007 ; Schulze et al., 2010; Schwessinger et al., 2011) . FLS2 and EFR are typical pattern recognition receptors (PRR) that directly bind to their ligands, flg22 and elf18 or elf26, respectively, to induce innate immunity in plants (Nekrasov et al., 2009; Postel et al., 2010; Zipfel et al., 2004) . The results of kinetic analyses have revealed that the heterodimerization of FLS2 and BAK1 occurs within 15 seconds following flg22 treatment in Arabidopsis culture cells using anti-FLS2 and anti-BAK1 antibodies (Schulze et al., 2010) . The formation of the EFR/BAK1 complex occurred within 5 min after stimulation with elf18 . Therefore, the ligand-induced heterodimerization of FSL2 or EFR and BAK1 is the earliest event for the induction of ROS production and the activation of the MAPK cascade in response to PAMPs/MAMPs. In contrast to the BRI1/BAK1 complex, the ligand-induced formation of the FLS2 (or EFR)/BAK1 complex is independent of the kinase activities of both proteins, at least in vitro . Compared with bak1-3 or bak1-4, a new bak1 mutant allele, bak1-5 exhibited normal BR signaling capacity and cell death. As EFR-and FLS2-dependent PTI signaling are strongly impaired in the bak1-5 mutation, bak1-5 mutant can be used for the elucidation of specific aspects of BAK1 in PTI . The double mutant of efr-1fls2 is hypersusceptible to various infection agents. Subsequent to infection with the virulent hemibiotropic pathogen PtoDC3000, bak1-5 was more susceptible than efr-1fls2. The spraying of the non-adapted Pseudomonas syringae pv. tabaci 6605 induced the hypersusceptible phenotype in both bak1-5 and efr-1fls2. Infection with the virulent isolates of the obligate biotropic oomycete Hyaloperonospora arabidopsidis also led to more sporulation on bak1-5 compared with wild type . Upon infection with adapted and non-adapted Pseudomonas or oomycete, the BAK1-silenced N. benthamiana exhibited more susceptible characteristics than control plant (Heese et al., 2007) . These results suggest that BAK1 is a critical component for the basal defense to various hemibiotropic and biotropic pathogens.
In addition to the PAMPs/MAMPs derived from outside sources, plants also need to survive endogenous elicitors [now known as danger-associated molecular patterns (DAMPs)] derived from potential changes inside the cell (Boller and Felix, 2009 ). PEPR1 in Arabidopsis interacts with AtPEP1, an endogenous peptide induced in response to cell wall degradation, wounding and JA or ethylene treatment (Huffaker et al., 2006; Krol et al., 2010) . Recently, BAK1 was also reported to interact with PEPR1 and its homolog PEPR2 in yeast and in vivo . Further studies are needed to determine whether AtPEP1-induced cellular responses, such as increase in cytosolic calcium levels and the activation of chloride channels leading to membrane depolarization, are dependent on the formation of PEPR1/BAK1 complex in vivo.
Regulation of the kinase activities of BAK1 complexes that mediate BR signaling or plant immunity The initial phosphorylation of BAK1 through BRI1, followed by heterotetramerization was reported to activate BAK1 kinase activity, resulting in the subsequent transphosphorylation of both proteins (Wang et al., 2008) . Extensive analyses of many recombinant proteins containing site-specific mutations using quadruple Time-of-Flight (Q-TOF) liquid chromatography-mass spectrometry (LC/MS/MS) analyses and transgenic approaches in vivo, have been performed to identify the phosphorylation sites of BRI1 and BAK1. Fifteen confirmed and putative autophosphorylation sites (Y831, T842, T872, T880, S887, Y956,  T982, S1044, T1045, T1049, Y1052, Y1057, Y1072 , S1162, and S1168) in BRI1 were reported throughout the cytoplasmic domain, including the juxtamembrane region, and five transphosphorylation sites (S838, T846, S858, S1166, and T1180) were clustered in juxtamembrane and C-terminal region of BRI1 (Kim and Wang, 2010; Wang et al., 2005a; 2005b; . In BAK1, four autophosphorylation sites (S286, S604, Y610, and S612) and six transphosphorylation sites (S290, T312, T446, T449, T450, and T455) have been identified (Karlova et al., 2009; Wang et al., 2008; Yun et al., 2009) . Of note, four out of six transphosphorylation sites are located in the activation loop of BAK1. Based on these findings, a potential scenario involving early stage of BR signaling near the plasma membrane has been proposed. The binding of BR to BRI1 activates the basal kinase activity of BRI1. Activated BRI1 becomes autophosphorylated at the C-terminus, and subsequent conformational changes result in the release of BKI1 from BRI1. Activated BRI1 also transphosphorylates threonine residues in the activation loop of BAK1, resulting in the activation of BAK1. Activated BAK1 becomes autophosphorylated and phosphorylates BRI1 in the juxtamembrane and C-terminal regions to fully activate BRI1 (Wang et al., 2008) . The phosphorylated sites of BRI1 and BAK1 do not always contribute to positive BR signaling. The phosphorylation of T832 in BRI1 and S286 in BAK1 reduced interactions between BAK1 and BRI1, respectively (Karlova et al., 2009 ). The inhibition of autophosphorylation at Y831 in BRI1 through a substitution with phenylalanine rescued the defective growth in bri1-5 more than wild type BRI1 did (Oh et al., 2011) .
It remains unknown whether all the putative phosphorylation sites need to be phosphorylated to regulate the BR response. If complete phosphorylation is required, then what is the sequential priority of phosphorylation at these sites? If complete phosphorylation is not required, is it possible for the phosphorylation at different phosphorylation sites to regulate certain specific aspects of BR responses in different temporal and spatial spectrums?
Compared with BRI1/BAK1 complex, the identification of phosphorylation sites on FLS2 and EFR and the elucidation of the mechanisms involving phosphorylation events between these immune response receptors and BAK1 have not been thoroughly studied. Several phosphorylation sites (T867, T1040, and T1072) of FLS2 were identified through targeted mutagenesis. Mutations at these sites abolished FLS2 activity and the induction of downstream PTI events (Robatzek et al., 2006) . However, there is no information concerning whether these sites are autophosphorylated or transphosphorylated through BAK1 in a ligand-induced manner. Recently, BAK1 was shown to transphosphorylate kinase-dead EFR, but EFR was not able to transphosphorylate kinase-dead BAK1 . This suggested that the transphosphorylation of EFR by BAK1 occurs prior to the activation of EFR activity, and this feature is different from the BRI1/BAK1 complex, in which kinasedead BRI1 and kinase-dead BAK1 can be transphosphorylated through the wild type BAK1 and BRI1 proteins, respectively, in vitro Schwessinger et al., 2011) . Further mapping of the phosphorylation sites and characterization of the mechanisms in the early stages of the activation of immune receptor complexes should be performed in the near future.
BAK1 and its homolog BKK1/AtSERK4/BAK7 control cell death In addition to being a co-receptor of ligand binding LRR-RLKs, distinct functions of BAK1 in cell death control have been reported. When infected with the virulent bacteria PtoDC3000, bak1-3 and bak1-4 mutants showed necrotic phenotypes in the leaves compared with wild type plant. Necrotropic fungal infection has also resulted in more active fungal growth in bak1 mutants than in wild type . These results indicated that uncontrolled cell death occurred in bak1 when specifically infected with virulent or necrotropic pathogens. These cell death phenotypes were more dramatic in bak1bkk1 double mutant . AtSERK4 is one of the members of AtSERK family, which are orthologs of DcSERK1 (Hecht et al., 2001 ). BAK1 was identified as an AtSERK3; therefore, each member of the AtSERK family has been examined for potential redundant functions with BAK1 in BR signaling. Because the overexpression of AtSERK4 resulted in the phenotypic rescue of bri1-5, AtSERK4 was renamed BAK1-LIKE 1 (BKK1) . The bak1bkk1 double mutant displayed reduced growth in the early stages of growth and seedling lethality due to excessive ROS production and the constitutive activation of PR genes. Similar phenotypes were observed in transgenic plants containing the BAK7 RNA-interference (RNAi) construct, in which BAK1 and BAK7 expressions were simultaneously downregulated (Jeong et al., 2010) . BAK7 corresponds to AtSERK4. BAK7RNAi transgenic plants narrowly escaped from seedling lethality and exhibited reduced growth and early senescence with the increased expression of senescence-induced genes. Although a reduced growth rate is a typical phenomenon in bri1 mutants, cell death and early senescence have not been associated with the lack of BR signaling. Therefore, the control of cell death has been proposed as an independent function of BAK1 and its closest homologs. It is not known whether the BAK1 and AtSERK4/BKK1/BAK7 or any other AtSERKs would form receptor complexes in vivo.
BAK1 interacting proteins are involved in plant defense and cell death
Various receptor complexes containing BAK1 or AtSERK proteins exist in the vicinity of plasma membrane (Fig. 2) . Following the full activation of receptor complexes BRI1/BAK1, the sequential downstream events mediating BR signaling in the cytoplasm have been established relatively well through the identification of several critical components. BSK1, a member of the RLCKXII subfamily, was reported to bind to BRI1 (Tang et al., 2008a) . BRI1 activates BSK1 through phosphorylation at a serine residue (S230), and activated BSK1 translocates to the cytoplasm to transduce positive BR signaling (Tang et al., 2008b) . Recently, another RLCK, CDG1, was reported to interact with BRI1 in yeast. BRI1 phosphorylates several serine residues of CDG1. CDG1 also interacts with the protein phosphatase 1 BSU1 and phosphorylates serine residue S764 of BSU1. Subsequently, the activated BSU1 binds to the cytoplasmic kinase BIN2 acting negatively in BR signaling to dephosphorylate the tyrosine residue Y200 of BIN2. This event eventually diminishes the activity of BIN2, activating BR signaling . Kim et al. (2011) also showed that CDG1 did not bind to BAK1 in yeast. Thus far, there have been no reports concerning BAK1 interacting proteins in BRI1/BAK1 complex for BR signaling.
However, a few proteins have been identified that interact with BAK1 in plant immunity. Recently, Two independent studies have shown that BIK1, an RLCK, previously known to be required for resistance to Botrytis cyneria (Veronese et al., 2006) , is an important component for integrating PTI and the effector-triggered immunity (ETI). An assessment of the flg22-induced expression of RLCKs revealed that BIK1 is a binding Binding of BL to BRI1 triggers the release of BKI1 from BRI1 and recruits BAK1 to form a complex. The subsequent sequential phosphorylation fully activates the kinase activities of BRI1 and BAK1, and BRI1 phosphorylates BSK1 and CDG1. BRI1 forms complexes with AtSERK1, AtSERK2 and At-SERK4. Cytoplasmic kinase BIK1 interacts with both FLS2 and BAK1 separately on the plasma membrane under steady-state conditions. PUB12 or PUB13 are bound to BAK1. Flagellin pulls the FLS2/BIK1 and BAK1/BIK1 complexes together to form FLS2/BAK1/BIK1/PUB13. Transphosphorylation between these proteins results in the release of BIK1 from FLS2 and the polyubiquitination of FLS2 through PUB13. Another complex consisting of BAK1 and BIR1 together with cytoplasmic BON1 or BON3 is also localized on the plasma membrane. BIR1 also interacts with AtSERK1 and AtSERK2. These complexes are involved with the repression of ETI in the absence of pathogen effectors.
Complex formation between the AtSERK1 proteins, AtSERK1 and AtSERK2 in male reproductive organ development, and an association of the AtSERK3/AtSERK4 complex with cell death control have been assumed, although direct evidence has not been reported.
protein of both FLS2 and BAK1 (Lu et al., 2010) . The phosphorylation of BIK1 occurred in a minute in response to flg22 and was dependent on FLS2 and BAK1, indicating that BIK1 would be a component for the transduction of the flg22 signal downstream of the FLS2/BAK1 complex. Co-immunoprecipitation of BIK1 with FLS2 in bak1 mutant and co-immunoprecipitation of BIK1 with BAK1 in fls2 mutant indicated that the FLS2/ BIK1 or BAK1/BIK1 complex formation was an independent of BAK1 or FLS2, respectively. The transphosphorylation of BAK1 and BIK1 is bi-directional, and BIK1 was able to transphosphorylate FLS2, although the transphosphorylation of BIK1 through FLS2 was not detected (Lu et al., 2010) . The results of an independent study characterized BIK1 as one of the substrates for AvrPphB, an effector with cysteine protease activity . It was shown that flg22 induced BIK1 phosphorylation, and that BIK1 was able to interact with various PRRs, such as FLS2, EFR and chitin elicitor receptor kinase 1 (CERK1), although it is not known whether the flg22-induced phosphorylation of BIK1 resulted from the direct activity of FLS2. Interestingly, in their system, the interaction of BIK1 and BAK1 occurred only when the ligand-binding receptor, FLS2 or EFR was co-expressed . This is somewhat different from the results of Lu et al. (2010) , showing that BIK1 and BAK1 interact independently of other PRR receptors. These authors also demonstrated that the FLS2/BIK1 interaction was reduced following flg22 treatment, implying that flg22-induced phosphorylated BIK1 is dissociated from FLS2 in a similar manner as BSK1. BRI1-activated BSK1 was released to the cytoplasm in response to BR (Tang et al., 2008b) . However, there has been no report whether the BSK1 also bind to BAK1. Taken together, these results and the plasma membrane localization of BIK1 through its myristoylation motif (Veronese et al., 2006) suggest that in the absence of ligand, heterodimers of FLS2/BIK1 and BAK1/BIK1 could form on the plasma membrane of the cells. Once the cells are exposed to flg22, the ligand-induced complex formation between FLS2 and BAK1 facilitates the transient heterotetramer formation, followed by the dissociation of BIK1 from FLS2. The detailed phosphorylation events and sequential order of phosphorylation among FLS2, BAK1 and BIK1 remain unknown. Two typical plant U-box (PUB) proteins, PUB12 and PUB13, were revealed as interactors with BAK1 in a yeast two-hybrid screen using the BAK1 cytoplasmic kinase domain as bait. The flagellin-induced PUB13 phosphorylation through BAK1 activated the E3 ligase activity of PUB13, leading to the polyubiqutination of FLS2 (Lu et al., 2011) . This finding suggests that the intensity of PTI can be regulated through FLS2 degradation in the FLS2/BAK1 complex, although the underlying subtle mechanisms are still unknown.
A BAK1-interacting receptor-like kinase1 (BIR1) is another BAK1-interacting protein that belongs to RLKX group with five LRRs (Gao et al., 2009 ). BIR1 expression was induced after infection with Pseudomonas syringae pv. maculicola ES4326 for 48 h. One of the mutant alleles of BIR1, bir1-1, showed seedling lethality at 22°C, and escaped from early death under 28°C growth conditions. The activated cell death phenotypes in bir1-1 were similar to those observed in the bak1bkk1 double mutant. In this cell death process, the salicylic acid (SA) level or signaling capacity are involved because the bir1-1 mutant accumulates 20-fold more SA than wild type plants and the double mutants of bir1-1, and any single mutant defective in SA signaling or SA synthesis showed partially suppressed temperature-sensitive bir1-1 phenotypes. These results were consistent with the previous report that the overexpression of the NahG gene in bak1bkk1 also repressed the cell death phenotype of the double mutant . Further analyses revealed that BIR1 could directly bind to BAK1 in the transgenic bir1-1 plant containing flag-tagged BIR1 using the anti-flag antibody and mass spectrometric analysis of the peptides that coimmunoprecipitated with BIR1 (Gao et al., 2009) . Suppressor screening of bir1-1 identified sobir1-1 (suppressor of bir1-1). Double mutants for bir1-1sobir1-1 showed more growth than bir1-1, and the cell death-related phenotypes in bir1-1 became much milder in the double mutants. SOBIR1 encodes an RLK with 4 LRRs. Therefore, it is reasonable to propose that SOBIR1 could be a component for a large complex involved in cell death control. However, BIR1 did not directly bind to SOBIR1 based on the results from bimolecular fluorescence complementation (BiFC) and yeast two-hybrid analyses, and the interaction with BAK1 and SOBIR1 has not been tested yet (Gao et al., 2009) . Recently, in addition to BAK1, a calcium-dependent phospholipid-binding protein BON1 was shown to interact with BIR1 in yeast two-hybrid screening using the C-terminal A domain of BON1 as bait . From this study, BIR1 was reported to interact with BON3 and BON1, and their interaction was dependent on the kinase activity of BIR1. The bir1bon1 double mutant displayed more severe growth arrest and seedling lethality at an earlier stage compared with the bon1 or bir1 single mutants. BON1 and BON3 repress a number of R genes in the absence of pathogen effectors ). These findings suggest that BON1 acts as a negative regulator of the R gene-triggered pathway, resulting in the regulation of growth, defense and eventual cell death. BON1 also interacted with BAK1. Furthermore, BAK1 could phosphorylate both BON1 and BIR1 in vitro . Although there have been no reports of this phosphorylation event in vivo, and it has not been determined whether the phosphorylation of BON1 and BIR1 would affect the activity of each protein, BAK1 might control cell death and the interwoven connection between PTI and ETI depending on the presence of pathogenic factors. These suggest that BAK1 and FLS2 participate in a receptor complex for initiating PTI and BAK1 also forms a complex with BON1 that represses ETI in the absence of effectors.
The coexistence of BR signaling and PTI responses is regulated through BR homeostasis BAK1 was identified as a dual co-receptor for the ligand-binding receptors BRI1 and FLS2; however, it remains unknown whether the two different pathways for BR signaling and innate plant defenses could be reconciled using the same component. It has been proposed that the up-regulation of BR signaling leads to the sequestration of BAK1, which would otherwise form a complex with the FLS2 in the plasma membrane, resulting in the down-regulation of the first line of defense in response to subsequent PAMP signalings. The opposite case might also be possible. However, this mechanism does not seem to be so simple.
Recently, two reports provided evidences for the complexity of the two concomitant signaling. Albrecht et al. (2012) reported that the activation of BAK1 through simultaneous treatment with epiBL did not alter the immune response, and the activation of BAK1 through flg22 did not affect BR responses. Even the pretreatment of epiBL did not affect the amount of the BAK1/FLS2 complex. These results suggested that BAK1 is not a limiting factor in these two processes. However, when BAK1 formed more complexes with BRI1 through the overexpression of BRI1, these transgenic plants showed insensitivity to flg22, elf18 and peptidoglycans (PGNs), similar to the bak1 or fls2 mutants (Belkhadir et al., 2012) . This result might support the idea that increased BR signaling suppresses the initiation of PTI. Compared with the transgenic plants that show an increase of BR signaling capacity through the accumulation of signaling components, Belkhadir et al (2012) also observed that a gain-offunction mutant of BRI1, sud1, exhibited the increased suppression of the bacterial growth of PtoDc3000 hrcC when infected with flg22, and the basal phosphorylation level of FLS2 in sud1 was higher than that in the wild type. Moreover, these authors also demonstrated that sud1 alone could not activate flg22-induced responses and WRKY gene expression without BAK1. As sud1 exhibits intrinsically enhanced BR signaling, these results suggested that increased BAK1-mediated BR signaling also mediates the activation of defense signaling in plants. Both groups demonstrated that, in addition to BAK1, BR itself could affect plant defense. The pretreatment of epiBL was shown to suppress flg22-induced ROS burst and the expression of PTI marker genes (Albrecht et al., 2012) . The reduction of flg22-induced responses was also observed in DWF4-overexpressing transgenic plants, in which more BR biosynthesis was expected (Belkhadir et al., 2012) . The effects of exogenously treated BR on the resistance to the biotic stresses in various species of plants have not been conclusive with contradictory results in many cases. BR has been known to activate the genes encoding pathogenesis-related (PR) proteins. BR-biosynthetic mutant cpd showed the reduced expression of PR1, PR2 and PR5 (Szekeres et al., 1996) . Consistently, 24-epiBL induced PR1 gene expression (Divi et al., 2010) . The application of BL has been reported to increase resistance to bacterial and fungal pathogens in rice and tobacco, although in this case, BL itself did not induce PR gene expression (Nakashita et al., 2003) . In contrast, the BR-induced promotion of mycelial growth and spore formation was observed in potato tuber, indicating the immunoinhibiting effect of BR (Bajguz and Hayat, 2009 ). Taken together, these results suggest that the simple aliquot of BAK1 for ligand-binding receptors at any time might not occur in vivo. Further mechanistic studies concerning the effective amount of complexes to exert specific roles and different stabilities of the complexes of BRI1/BAK1 and FLS2/BAK1 should be pursued.
Overlapping and non-overlapping physiological roles of the proteins in the LRR-RLKII family The LRR-RLKII family consists of fourteen individual members including five AtSERKs (Fig. 3) . All fourteen genes have similar genomic structures containing five LRRs, except At5g63710 which lacks the fourth LRR, in their ECD, single pass transmembrane domain a cytoplasmic kinase domain (Zhang et al., 2006) . BAK1 corresponds to AtSERK3, a member of the At-SERK family. Since the identification of DcSERK1 in the carrot, somatic embryogenesis-associated SERK proteins have been reported in many species, such as Dactylis glomerata, Medicago truncatula, Helianthus annuus, Ocotea catharinensi, Citrus unshiu and Arabidopsis (Hecht et al., 2001; Nolan et al., 2003; Schmidt et al., 1997; Shimada et al., 2005; Thomas et al., 2004) . Five Arabidopsis SERK proteins were identified through sequence homology to DcSERK1. AtSERK1, the closest homolog of DcSERK1, is expressed in developing ovules and early embryo, confirming the competence for somatic embryogenesis in tissue culture (Hecht et al., 2001) . Therefore, other AtSERK1 homologs had been assumed to possess related functions to somatic embryogenesis. However, the BAK1/AtSERK3 was identified as a co-receptor of BRI1; therefore, the plausible functions of the proteins in the AtSERK family have been expanded to include pleiotropic roles in plant development. Partial cDNA encoding AtSERK2 was implemented in a yeast twohybrid assay using the BRI1 kinase domain as bait (data not shown). Immunoprecipitation against an anti-GFP antibody, followed by LC/MS using total protein from the AtSERK1-CFP transgenic plants revealed that AtSERK1 was involved in a large complex containing BRI1 (Karlova et al., 2006) . AtSERK4, the closest homolog of BAK1/AtSERK3, for-med a complex with BRI1 in fluorescence resonance energy transfer (FRET) analyses (Jeong et al., 2010) . The short petiole and compact rosette phenotypes of bri1-5 or bri1-301 could be rescued through the overexpression of AtSERK1, AtSERK2, BAK1/AtSERK3, or AtSERK4 (Albrecht et al., 2008; Jeong et al., 2010; Li et al., 2002; Nam and Li, 2002) . Recently, Gou et al. (2012) produced transgenic bri1-5 overexpressing each of fourteen members of the LRR-RLKII family and clearly showed that only the overexpression of SERK1, SERK2, BAK1 and BKK1 rescued bri1-5 phenotypes. Therefore, at least four members of AtSERKs (AtSERK1-4) have been considered to have redundant functions in BR signaling. However, the degree of participation in BR signaling is not equal. Except for the bak1, no detectable BR-related phenotypes have been reported from any single mutant of other AtSERKs. Moreover, only the double mutants of serk1serk3 showed reduced sensitivity to exogenously treated BL than each single mutant (Albrecht et al., 2008) . The serk1bak1bkk1 triple mutant showed similar phenotypes to those of the null bri1 mutant .
One interesting feature in transgenic plants overexpressing AtSERKs is that the restoration of rosette shape did not guarantee the promotion of hypocotyl and root growth of bri1 mutant. The overexpression of AtSERK1, AtSERK2, or AtSERK4 did not enhance the hypocotyl elongation of bri1-301 compared with that of the non-transformant (Albrecht et al., 2008) . The severe inhibition of root growth in the serk1bak1bkk1 triple mutant was a phenotype specific to this mutant because this phenotype has not been observed in the bri1 mutant . The overexpression of AtSERK4/BAK7 did not change the sensitivity to BRZ in hypocotyl growth (Jeong et al., 2010) . These results implied that separate BR-independent regulation mechanisms for hypocotyl and root growth have been developed in plant growth. Furthermore, the growth of rosette leaves might not always reflect the BR effect. The dwarfed rosette phenotypes shown in serk3serk4 double mutant were not rescued upon the overexpression of bes1-D, indicating that a subset of AtSERKs could exert specific functions that are not mediated through BR signaling (Albrecht et al., 2008) . This notion was supported through the results of several studies, as the spontaneous cell death phenotypes shown in the bak1bkk1 double mutant were distinct because none of the bri1 mutants exhibited such phenotypes . BIR1, one of the cell death regulators, was shown to interact with AtSERK1 and AtSERK2 as well as with BAK1, in a BiFC analysis (Gao et al., 2009) . As BIR1 did not interact with BRI1 or FLS2 in the same assay, BIR1 was considered as a specific interacting partner with AtSERKs in controlling cell death. The production of the proper pollen through anther development was abolished in the serk1serk2 double mutant, and the overexpression of bes1-D did not rescue the defective anther phenotype of this double mutant, suggesting that anther development is a specific process that requires both AtSERK1 and AtSERK2 (Albrecht et al., 2005; Colcombet et al., 2005) . Recently, severely retarded root growth accompanied with a lack of starch granule accumulation and reduced PIN1 expression was observed in the serk1bak1bkk1 triple mutant. As these defective root phenotypes were not observed in the cpd or bri1 mutants, it was speculated that a subset of the AtSERK family are involved in BR-independent root development and the subsequent regulation of gravitropic responses .
Except for five AtSERKs, little is known about the functions of the other nine members. A few studies have reported that three proteins, NIK1, NIK2, and NIK3, are interacting partners of geminivirus nuclear shuttle proteins and showed higher susceptibility to geminivirus infection in knockout mutants of these genes (Fontes et al., 2004) . NIK1 was subsequently shown to be required for the nuclear localization of the ribosomal protein (Carvalho et al., 2008) . These results indicated that another subset of LRR-RLKII subfamily, to which AtSERKs do not belong, might be involved in specific processes induced through viral Fig. 3 . Individual members of LRR-RLK in the LRR-RLKII family. The phylogenetic analysis of LRR-RLK in the LRR-RLKII family in Arabidopsis was performed based on CLUSTAL 2.1 multiple sequence alignment. The phylogenetic trees were generated using PHYML and MEGA.
infections.
CONCLUSION
Based on numerous studies, it is highly likely that the members of the LRR-RLKII family proteins, including BAK1, play multiple functions as versatile co-receptors of other families of LRRRLKs. Therefore, the identification of corresponding partners of LRR-RLKs that form complexes on the plasma membrane and the elucidation of phosphorylation mechanisms specific to each complex in response to specific stimuli using fine phosphosite mapping combined with molecular genetic confirmation have great potential to integrate our understanding of the regulatory web of developmental processes.
